Background
In October 2003, South Africa introduced legislation for the mandatory fortification of bread flour (including bread), and maize meal, with a view to addressing significant nutrient deficiencies that had been identified over long periods [1, 2] . Although there is evidence that a reduction in the incidence of neural tube defect in the South African population is occurring due to increased folic acid intake since the introduction of mandatory fortification [3] , high rates of vitamin A, iron, and zinc deficiencies still prevail [3, 4] . There are concerns that adequate quantities of micronutrients are not being delivered to consumers through the fortification program [5, 6] .
Monitoring of compliance was an integral part of the fortification project at the time that it was launched. It does appear, however, that the levels of compliance, monitoring, and enforcement are not optimal. According to the fortification regulations, monitoring of compliance takes place at the level of manufacturing.
The current South African staple food fortification regulations (R7634) have been in existence since 2003, with an amendment (R1206) published in 2008 [7] . The regulations require super, special, sifted, and unsifted maize meal, bread flour (defined as flour with an ash content exceeding 0.60% on a dry basis), and bread manufactured using this type of flour to be fortified to designated standards with the micronutrients vitamin A, thiamine (vitamin B 1 ), riboflavin (vitamin B 2 ), nicotinamide (vitamin B 3 ), pyridoxine (vitamin B 6 ), folic acid, iron, and zinc. Prescribed fortification levels and specifications for fortification mixes are incorporated in the regulations.
As part of its ongoing efforts to work with the South African Government to strengthen the National Fortification Program, the Global Alliance for Improved Nutrition (GAIN) commissioned a survey to gauge the level of compliance with the flour fortification regulations enacted in 2003. The outcome of this study is detailed in this paper and is intended to help the South African stakeholders to better understand the current obstacles to achieving effective delivery of essential micronutrients through flour fortification and to consider sustainable approaches to strengthening the program [8] [9] [10] .
Methods

Survey design
The fundamental objective of the staple food fortification program is to meet the public health objective of providing the South African population with specific quantities of certain essential vitamins and minerals. To this end, the survey was not intended to be a regulatory exercise but rather was intended to establish if the correct quantities of the micronutrients concerned were being added to the products as sold in a wide variety of retail outlets and, where this was not the case, to establish the reasons. The survey therefore had three components: sourcing of the samples from retail outlets in a manner that was acceptably representative of the consumption patterns of the products concerned, analysis of the samples, and summarizing and interpretation of the results in order that the findings may be leveraged to improve the effectiveness of the staple food fortification program.
Sample sourcing
The nature of the consumption patterns of maize meal, bread flour, and bread is such that they are consumed in substantial quantities throughout South Africa [5, 6] , and for the purposes of accurate sampling methodology, it would clearly have been desirable to have sourced samples in a manner that was fully representative of population distribution throughout the country. However, the resources required to do this would have been totally beyond those available for this purpose, and it was felt that although some localized variation may occur (e.g., lower consumption of maize meal in higher-income communities), it was acceptable to adopt a sampling procedure that simply ensured that samples were obtained from as wide a geographic range as possible. Although it is accepted that this could potentially cause the study to lack strict scientific rigor, its primary purpose was to assess the general level of compliance with statutory fortification requirements with the objective of making practical improvements for the purpose of improving public health in South Africa. The chosen sampling methodology thus represented a compromise between a scientifically rigorous approach and the achievement of meaningful outcomes within the constraints imposed by the resources available for the study.
Furthermore, the samples were sourced from retail outlets rather than directly from milling companies. The reasons for this were as follows. First, the exercise was seen as an evaluation of the levels of micronutrients actually present in samples as finally consumed by the public rather than levels present at the point of manufacture. These values are more relevant from a public health perspective. Second, the local regulations governing fortification [7] state that the specified fortification levels "shall be the minimum micronutrient levels in uncooked wheat flour and uncooked maize meal when sampled at the point of manufacturing or importation." Monitoring of compliance by the authorities is normally carried out by obtaining samples directly from the millers; however, the wording of the regulations clearly indicates that acceptable fortification levels must also be achieved in the product as purchased from retail outlets. Third, the sampling process was deliberately conducted anonymously so that the samples would be representative of products actually consumed by the public. Similarly, the millers were deliberately not directly involved in the exercise, although representatives from some of the larger milling companies had been present at earlier meetings at which the possibility of conducting an exercise of this sort had been tabled.
Certain practical constraints were imposed by the nature of the products themselves. It was decided at the outset that bread would not be sampled, because of its semiperishable nature and bulk, which would make the sample collection and storage processes difficult. It was also decided not to sample brown bread flour, since it is customary practice in the milling industry to produce brown bread flour by adding back bran to prefortified white bread flour, and white bread flour could thus be considered representative of both brown and white flours for the purpose of this exercise. Sampling was thus limited to super and special maize meals and white bread flour.
In order to obtain samples from as wide a variety of geographic areas as possible, it was decided to enlist the services of food science and nutrition students to act as collectors of samples from shops. The exercise was undertaken between November 2010 and March 2011, thus enabling the students to collect samples from either their various home areas or from areas where they were on holiday during the 2010 summer vacation period. Because students travel extensively during the holiday season, this enabled samples to be
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Flour fortification in South Africa collected from a very wide variety of areas that would have been virtually impossible to cover by means of dedicated sample collection by a small group of people. Furthermore, by using students from different institutions (food science students from the Universities of Stellenbosch, Pretoria, and the Free State and nutrition students from Northwest University), further geographic diversity was ensured. Further samples were collected in person by Nigel Sunley from various parts of the country. Breakdown of the samples by product type (table 1) and geographic area of sourcing (table 2) is presented.
Sample handling
Each collected sample was removed from its original packaging and divided into three portions; one 100-g sample was sent for analysis, and two 450-g samples were retained for reference. The samples were packed in high-moisture barrier pouches, and the retention samples were stored in a freezer.
A comprehensive database of information was prepared for the samples. The following information was recorded for each sample: date of sampling, person collecting the sample, name and address of retail outlet, type of product (special maize meal, super maize meal, or white bread flour), brand name, manufacturer and manufacturer's address as declared on pack, pack size, manufacturing code (if given), date code (if given), purchase price, and sample code for identification of individual samples. The database was also used to record the analytical results for the samples; however, the laboratories only received coded samples and did not know the origin of the samples.
Analysis
It was essential for the successful outcome of the investigation that accurate and reliable laboratory analysis of the samples be ensured. It was decided to make use of the following laboratories: the South African Grain Laboratories (SAGL), Pretoria; the South African Bureau of Standards (SABS) Pharmaceutical Chemistry Laboratory, Pretoria; and the South African Department of Health Forensic Laboratory, Cape Town.
The selection of nutrients for analysis was also carefully considered. It was not possible to analyze all the samples for the full range of micronutrients concerned due to cost and laboratory capacity constraints; hence, a decision was made to initially conduct a screening exercise on all samples by determining iron (using a qualitative method) and vitamin A (using a rapid quantitative method). These are probably the two most significant micronutrients in the fortification program from a public health perspective, and all three of the selected laboratories had the capacity to conduct the testing concerned, albeit in some instances using slightly different methods.
It was decided to determine values for nicotinamide in all the samples as a further check on premix addition levels. However, in view of the presence of naturally occurring nicotinamide in both maize and wheat, a baseline value was determined for the three types of products concerned (special and super maize meals and white bread flour). These were determined by analysis of those samples for which neither vitamin A nor iron was found to be present, indicating that these samples were therefore unlikely to contain any fortification premix. The nicotinamide found in these samples could thus be considered representative of the levels naturally occurring in each type of product.
It was also decided to conduct a laboratory proficiency check by means of a ring test among the three laboratories. The Intertek laboratory in Germany, which is used by GAIN for premix quality monitoring, was also included in the ring test as a further precaution. The ring testing was conducted using standard samples of fortification premixes and fortified maize meal and white bread flour using high-performance liquid chromatography (HPLC) for vitamin A and niacin.
Samples of the fortified maize and wheat products drawn from a common batch were submitted to the three laboratories and to Intertek in Germany. Samples of the premixes were only submitted to the three local laboratories. Analysis of all the micronutrients present was undertaken, but due to laboratory capability and financial constraints, not all the micronutrients could be analyzed by all the laboratories. 
Analysis: Survey samples
The samples collected from the survey were split evenly among the three participating laboratories. Analysis was conducted by the following methods ( 
Results
Ring testing results
For premix, the acceptable criteria for comparison of laboratory accuracy are a Relative Standard Deviation (RSD) of 10% or less. For vitamin A, three of the six samples had RSD slightly higher than 10% but with a maximum of 11.0%. For nicotinamide, the RSD for all six samples was between 0.3% and 3.2%, indicating excellent correlation. For iron, the RSD for all six samples was less than 10%, which is also fully acceptable. This indicates that the quality of analytical capability for premix analysis is very good.
For finished product, the acceptable criterion for comparison of laboratory accuracy is an RSD of 30% or less (30% = 10% premix uncertainty + 10% analytical method uncertainty + 10% homogeneity uncertainty). For both vitamin A and nicotinamide, one sample had RSD above 30%. For iron, all samples had RSD below 30%. This indicates that the quality of analytical capability for analysis of finished products is acceptable for products of this type.
It can be seen that the consistency of results between laboratories for the premixes is considerably better than that for the finished products. This indicates that the quality of analytical capability is generally good but suggests that variation in the results for finished products is at least partially due to variations in micronutrient levels within the same sample, variations in extraction efficacy during the analysis process, and matrix interferences from the maize and wheat. The variation in results between theoretical values and between laboratories is also an indication of practical constraints, which should be taken into account in the design and implementation of food regulation and regulatory monitoring systems.
Survey results
The statutory requirements for fortification levels in maize meal and white bread flour are summarized in table 4. 
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Vitamin A
The results of vitamin A analysis can also be summarized graphically. The results for super and special maize meals are combined ( fig. 1) , since the legal requirement is identical for both products, whereas bread flour values are shown in figure 2.
Iron
Since the initial analysis was carried out on a qualitative basis, the results are expressed in terms of the number of samples in which iron was absent, present in trace quantities only, or present ( The baseline value for maize meal can be considered reasonably representative because of the number of samples involved. However, for white bread flour, only three samples were analyzed, and consequently this value must be treated with caution. It was decided, however, that for the purpose of summarizing the results, the baseline values for nicotinamide would not be deducted from the analytical values obtained, since the results were to be used primarily for comparison purposes.
The results for nicotinamide are summarized graphically. The results for super and special maize meals are combined ( fig. 3) , since the legal requirement is identical for both products, whereas bread flour values are shown separately (fig. 4) . Comparison of the graphical distributions of nicotinamide for both maize meal and white bread flour shows similar variations in levels for both products, although the overall level of compliance with legal requirements for bread flour was much higher because of the relatively high levels of naturally occurring nicotinamide in wheat in comparison with maize. It can be seen that the levels of nicotinamide fortification for wheat flour in particular appear to be unnecessarily high, since much of the requirement, as specified in the fortification regulations, is in practice met by naturally occurring nicotinamide; hence the levels incorporated in fortification premixes could potentially be significantly reduced. Samples produced by a large number of individual millers were assessed. The results for the three largest millers are summarized in figure 5 . Because of issues of commercial confidentiality, the millers are not identified individually.
Discussion
The qualitative results for iron were not considered further, since the resolution did not allow for adequate comparison. It was decided to focus on a comparison of the quantitative results for vitamin A and nicotinamide. Similar trends were observed for both vitamins, although the results in absolute terms showed variation in terms of the required level at manufacturing. In order to assess this more accurately, a further graphical summary is presented that compares the ranges of values of both vitamins for super and special maize meal ( fig. 6 ) and white bread flour ( fig. 7) . The objective is to assess to what extent there was an overall problem with the level of premix addition or whether the low levels could be at least partially attributed to loss of vitamin activity on storage.
It can be seen that there is a strong correlation between vitamin A and nicotinamide results for the same samples. This is more pronounced for the maize meal than for the bread flour. The lower degree of correlation for bread flour can be attributed to the relatively high and fluctuating levels of naturally occurring nicotinamide in wheat flour compared with those in maize meal, which will cause greater variability in the values for nicotinamide as measured. This cannot be compensated for by adjusting the analyzed nicotinamide values for the calculated theoretical values of the naturally occurring vitamin, since this will simply reduce these values by a constant amount without altering the nature of the correlation (i.e., the trend line for nicotinamide will move downward on the graph, but the slope of the trend line will not change). The results suggest that the bulk of the variation in values for both vitamins can be attributed to variation in the dosages of the vitamins added to the products. Nicotinamide is relatively stable, and the fact that there is a strong correlation between nicotinamide and vitamin A, especially in maize meal, suggests that losses of vitamin A (stability) or incorrect composition of premix (ratio of vitamin A and nicotinamide in the premix) are not significant. It is therefore most likely that insufficient addition of premix is contributing to the overall low levels of added micronutrients within the fortification program. The results do suggest that the majority of millers attempt to fortify, as seen from the fact that very few samples had no premix added, namely, those samples in which no vitamin A and iron were detected. It would be desirable to investigate process constraints faced by millers in achieving uniform fortification.
The issue of premix quality has also been considered, since it can be postulated that the use of poor-quality premix with insufficient quantities of vitamin A in particular could be a significant contributory factor toward the low fortification levels seen in many of the samples. It should be noted that premixes used for fortification of staple foods in South Africa may only be sourced from registered suppliers whose premix quality is monitored by the South African Bureau of Standards Pharmaceutical Chemistry Laboratory [7] . Although this is in itself not a complete guarantee of consistent premix quality, it suggests that insufficient addition of premix is likely to be a more significant cause of low fortification levels. This is, however, an area requiring further investigation.
Summary and recommendations
The fundamental objective of the staple food fortification program is to ensure that the South African population receive specific quantities of designated micronutrients via the consumption of certain staple foods. The fortification regulations require that specified quantities of premix of a designated composition be added to maize meal and white bread flour. The results of this study indicate that the addition rates of premix are low in most cases, and greater emphasis needs to be placed by millers on ensuring the correct levels of addition. This can be achieved in two ways:
By improving control of premix addition. This will result in a more uniform addition of premix. A graphical representation of the effect of this approach for maize meal is shown in figure 8 .
By increasing the overall level of premix addition without any improvement in control. This would have to be done in such a way as to increase the minimum levels of the added micronutrients. A graphical representation of the effect of this approach for maize meal can be seen in figure 9 .
Of the two options, the first is clearly the more desirable, as it will not entail any increase in the amount of premix that is supposed to be actually added. The second option would require a substantial increase in premix addition levels (which would in turn carry cost implications for the millers) and would also result in a significant amount of product being produced with vitamin levels far higher than those required by law.
The individual milling companies will thus initially need to undertake a comprehensive exercise in which actual premix addition levels are determined and the actions required to achieve a more consistent premix addition level are investigated (the first option). Should a more consistent level of premix addition not be possible, it may be necessary to increase the dosages required by law in order to allow for the variation in premix addition levels (the second option). In practice, a combination of both approaches will probably have to be adopted, as there are likely to be fundamental limits to the level of premix dosing accuracy that can be achieved, and hence at least some increase in overall premix addition levels is likely to be necessary.
A number of procedures for improving premix 
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Flour fortification in South Africa dosing at the manufacturer exist, varying from systematic calibration procedures to comprehensive record-keeping of premix receipts, predilution procedures where applicable, and improved process control documentation. Without any knowledge of the procedures already in operation at the mills concerned, it is difficult to be more specific, as requirements are likely to differ from mill to mill. A more accurate dosage performance study at a specific mill or mills would be desirable. This could then act as a "test bed" for procedures to be rolled out throughout the industry.
The establishment of a formal standard for fortified staple foods by the South African Bureau of Standards Pharmaceutical Chemistry Laboratory has been suggested. At present, involvement of the South African Bureau of Standards is limited to the fortification premixes themselves, but an extension of their monitoring activities to the finished fortified products could be considered. The proposed dosage performance study could be used as part of the process required to establish the standard.
Any modification of the recommended fortification levels as set out in R7634 can only be made once it has been established whether or not significant improvements can be made to dosing capability. However, it is clear that a significant reduction in the levels of nicotinamide in the premix used for bread flour can be made.
In conclusion, this study conclusively shows that the current levels of several key micronutrients added to maize meal and white bread flour are unsatisfactory, and that this is likely to be because of underaddition of fortification premix at the mills. This ultimately affects the availability and intake by consumers of fortified product and potentially prevents the desired reduction in vitamin and mineral deficiencies expected through the flour fortification program.
